Abstract It is well known that tumor cells migrate from the primary lesion to distant sites to form metastases and that these lesions limit patient outcome in a majority of cases. However, the extent to which radiation influences this process and to which migration in turn alters radiation response remains controversial. There are preclinical and clinical reports showing that focal radiotherapy can both increase the development of distant metastasis, as well as that it can induce the regression of established metastases through the abscopal effect. More recently, preclinical studies have suggested that radiation can attract migrating tumor cells and may, thereby, facilitate tumor recurrence. In this review, we summarize these phenomena and their potential mechanisms of action, and evaluate their significance for modern radiation therapy strategies.
Introduction
The primary goal of all cancer treatments is to eradicate any and all tumor cells in the patient, including both the primary tumor as well as any overt or occult metastases, which are a key driver of both prognosis and outcome for patients [1, 2] . More than 50 % of cancer patients will receive radiation therapy (RT) during the course of their illness [3] , with this therapeutic approach being of prime importance in patients with inoperable tumors or incompletely resected tumors and for those with recurrent disease [4, 5] . Currently, RT along with surgery and chemotherapy is considered one of the principal treatment modalities in clinical oncology.
While radiation has well-known and well-characterized direct cytotoxic effects on cells and tissues, it has been broadly observed that local treatment of a primary tumor with RT has also other unpredictable systemic effects on tumor growth, such as enhanced growth of distant metastases [6] and inhibition of distant tumor growth, also known as the abscopal effect [7] . Recent studies combining RT and immunotherapies, such as immune checkpoint inhibitors, have also shown systemic antitumor responses [8] . Furthermore, it has also been shown that irradiation of a tumor can have adverse local effects, such as an enhanced tumor cell recruitment of circulating tumor cells (CTCs) from the circulation [9] . However, the relevance of these effects to clinical experience, as well as the mechanisms involved, remains unclear [6] . There remains a need to reconcile these effects demonstrated in preclinical systems with the extensive clinical experience of radiation oncology. It is important to understand both local and systemic effects induced or influenced by RT to minimize recurrences and other adverse effects while optimizing tumor control.
Metastasis occurs through the acquisition of an invasive, migratory phenotype by cancer cells, leading to invasion into local tissues and subsequently entry into the circulation and trafficking to distant sites. Thus, migration of tumor cells is a prerequisite for both invasion and metastasis [10] . Once in the circulation, these CTCs can follow different pathways, such as metastasize to other sites as well as reinfiltrate to their tumor of origin, which is called tumor self-seeding and has been demonstrated in breast, colon, and malignant carcinoma [11, 12] . Here, we review the myriad of effects that radiation has upon the motility mode of tumor cells and the factors that modulate this behavior. These factors include alterations in tumor cells themselves, changes to the microenvironment, and interactions between both of these phenomena.
Effects of radiation on local and distant sites Promotion of distant metastasis by radiation
Enhanced growth of distant metastases after irradiation of a primary tumor has been observed in a variety of experimental animal models. Based on clinical observations of increased local and distant metastasis after subcurative radiation of oral epidermoid carcinoma, Kaplan and Murphy demonstrated this effect in a transplantable mouse model in 1949. They observed an increased rate of lung metastasis in tumor-bearing mice when treated locally with 4-10 Gy of radiation compared with sham-irradiated control mice [13] . Further studies using mammary carcinomas in mice corroborated that low dose (1 9 5 Gy or 2 9 3.5 Gy) preoperative irradiation resulted in increased lung metastasis relative to the control group [14] . It was not until 1978 that Strong et al. showed clinically for the first time the unexpected correlation between radiation exposure of a primary tumor and a higher incidence of metastasis in head and neck patients, even though there was no difference in the local recurrence and overall cure rate of the two groups [15] . This effect was also noted in other clinical trials, which showed that subcurative treatments, including radiotherapy of advanced carcinomas of the bladder and the uterine cervix, led to increased metastatic disease [16, 17] .
An extensive review by von Essen et al. in 1991 tabulated the number of experimental studies performed to that point concerning metastatic behavior after local tumor irradiation [6] . The consensus of these studies was that the incidence of metastasis following radiotherapy of a primary tumor was enhanced by non-curative radiation doses. Four possible mechanisms for this process were identified. Direct clonogenic alteration of tumor cells was considered unlikely to be responsible, as was alteration of distant sites to increase recruitment of migrating tumor cells through radiotherapy of another site. Instead, it was suggested that the effects of radiation on blood vessels within the tumor may increase the flux of tumor cells into the circulation. Furthermore, the ability of radiation to delay tumor progression may provide additional time for metastasis to occur and to metastases to present clinically. Recent studies leveraging CTCs sorting technology have shown clinically that radiotherapy results in an increased number of viable circulating tumor cells in non-small cell lung cancer [18, 19] , and bladder cancer [20] , thus contributing to a higher risk of distant metastases.
Inhibition of distant tumors by radiation
In addition to local bystander effects that can contribute to killing of cells that did not experience direct DNA damage from irradiation [21] , experimental and clinical evidence of non-targeted inhibitory effects on distant tumor growth has been found, first reported in 1953 by Mole and termed the abscopal effect [22] . This effect has been observed in several hematological and non-hematological malignancies, including leukemia, lymphoma, melanoma, and other carcinomas. The abscopal effect has been seen to depend on the radiation dose and the p53 status of the tumor being treated [7, 23, 24] . The key components for transmission of abscopal effects include cytokine-mediated inflammatory signaling and the immune system [25] [26] [27] [28] . These observations have provided intense interest in the combination of high-dose fractionated RT and immunotherapy, which, in some cases, has been seen to induce long-term tumor regression [27, 28] .
Recruitment of circulating tumor cells to irradiated tissues
A number of clinical and experimental studies have also reported increased metastasis in irradiated normal tissues [6] . These irradiated sites, described by Frankl and Kimball in 1914 [29] and termed the tumor bed in 1995 [30] , have been associated with hostile microenvironments, increased hypoxia, and elevated propensity for metastasis. This effect can be observed in experimental models when CTCs are created either endogenously by a solid tumor or artificially through direct injection into the circulation. The proposed mechanisms for this phenomenon point include immunosuppression following RT, radiation-induced damage to local tissue and/or vasculature, production of cytokines in response to radiation, or hypoxia-induced up-regulation of gene products promoting metastatic dissemination [6, [31] [32] [33] .
Our group has shown recently that this effect can also be detected during focal irradiation of a primary tumor, as shown in Fig. 1 . We have shown that irradiation of breast tumor can attract migrating tumor cells circulating in the blood stream through the cytokine granulocyte-macrophage colony stimulating factor (GM-CSF) produced by tumor cells in response to irradiation [9] . Therefore, taken together with previous reports, radiation of a tumor may facilitate both the release of CTCs into the circulation and attraction of these cells to sites of irradiation. Potential mechanisms for these phenomena are discussed in the next section.
Mechanisms of radiation-induced alterations of tumor cell migration
A recent review by Moncharmont et al. discussing the effects of radiation on cell migration notes that the majority of studies of this topic have been done using primarily in vitro or ex vivo methods [34] . This limits the relevance of the experimental models, their ability to interrogate the process in question, and the generalizability of the findings obtained. Below we examine potential causal mechanisms for alteration of tumor cell migration after radiotherapy, focusing on clinical experiences as well as in vivo preclinical systems to most faithfully capture the complexity of this process and its set of influences.
Hypoxia
Low oxygen levels (hypoxia) within the tumor microenvironment have been conclusively demonstrated to drive the selection of malignant phenotypes [35] [36] [37] . These malignant phenotypes include uncontrolled growth, increased propensity for metastasis, stimulation of angiogenesis, and resistance to radiotherapy and chemotherapy. Radiation-induced reoxygenation has been observed to cause significant up-regulation of tumoral hypoxia inducible factor-1 (HIF-1) activity, which acts as a major regulator of radioprotective cytokines and, therefore, regulates the radiosensitivity of the tumor vasculature following RT. This dose-dependent up-regulation occurs between 24 h and 1 week after radiation exposure, possibly caused by free radical species produced upon irradiation as well as the depolymerization of stress granules [38] [39] [40] . As a consequence, several important downstream targets of HIF-1 are upregulated in irradiated tumors, which may contribute to increased metastasis [31, 41, 42] . The increased fraction of hypoxic cells observed upon recurrence after RT suggests that the targeted inhibition of HIF-1 after radiotherapy may improve tumor control; however, the potential impact of this inhibition remains controversial due to the complexity of the HIF-1 signaling pathway [31, 39, 43] .
Epithelial-mesenchymal transition
Epithelial-mesenchymal transition (EMT), a pivotal step in the acquisition of a migratory phenotype by tumor cells, is the process of epithelial cells losing polarity and acquiring mesenchymal properties, such as the maintenance of stemness and induction of migration [44, 45] . This process is initiated by the loss of E-cadherin expression, resulting in the loss of stable intercellular junctions. Hypoxia is a well-established mediator of EMT; however, radiation has also been demonstrated to directly facilitate this transition [46] [47] [48] , with Bmi-1 playing a key role after activation of PI3K/AKT signaling [49] . Therefore, while not necessarily specific to radiation, therapeutic inhibition of EMT may be useful in enhancing the effects of RT by targeting these collateral effects on migration and metastasis [3, 50] . Effects of radiation on metastasis and tumor cell migration 3001
Vascular damage
It is well known that RT induces vascular damage in tumors, which can contribute to tumor cell death in addition to the direct action of radiation in producing DNA damage [51] . Park and colleagues reviewed the existing data on the vascular effects of radiotherapy acquired over the last 60 years from both experimental and clinical subjects. They concluded that single fraction doses higher than 10 Gy induce more severe vascular damage as compared with the conventional hyperfractionated radiotherapy (1.5-2 Gy/day), which can actually improve slightly the function of the vasculature during the early steps of the treatment [52] . However, clinical fractionated RT has been seen to increase the levels of CTCs in the blood, presumably due to disruptions in tumor-associated blood vessels that allow increased influx of migrating tumor cells [18] .
It should be noted that many preclinical in vivo studies utilize single fraction treatments with large radiation doses, which may have a distinct radiobiology from the fractionated courses commonly employed clinically. Considerable work remains to be done to establish the correspondence between preclinical and clinical radiotherapy regimens and the responses observed for each. Specifically, the effects of dose per fraction, total dose, tumor volume, tumor location, dose conformality, and dose heterogeneity can vary substantially between preclinical and clinical studies, and the effects of each of these variables on the subsequent radiobiology remain to be elucidated. Recent advances in preclinical radiotherapy technology will facilitate more careful study of these factors [53] .
Cytokine expression
Radiation promotes the release of cytokines and growth factors through the induction of a damage response [54] . Secreted by tumor, immune, or normal cells, many of these cytokines are involved in promoting tumor cell migration, invasion, and metastasis following radiotherapy. Furthermore, some of these cytokines may also be involved in attracting CTCs [9, 12] .
Secretion by tumor cells
It has been shown that radiation induces the secretion of a number of cytokines that alter cell migration and invasion for several tumor types. In malignant gliomas, RT induces the secretion of interleukins 6 and 8 (IL-6, IL-8) and growth factors, such as transforming growth factor b (TGFb) and vascular endothelial growth factor (VEGF) that contribute to increased cell motility, thus affecting tumor invasion and migration [55] [56] [57] [58] . The secretion of matrix metalloproteinases (MMPs) following irradiation has also been shown to enhance invasion and migration of brain tumors [59, 60] . For example, in vitro irradiation of malignant glioma cells increases invasiveness, migration, proliferation, and angiogenesis through the secretion of MMP2 [60, 61] . Stromal cell-derived factor-1 (SDF-1) secreted by breast and lung tumors in response to radiation has been shown to enhance tumor invasiveness through the recruitment of bone marrow derived cells (BMDCs) when interacting with C-X-C chemokine receptor type 4 (CXCR4) [62, 63] . Other factors, including connective tissue growth factor (CTGF) mRNA and insulin-like growth factor binding protein 2 (IGFBP2) secreted by neoplastic cells, have been shown to enhance cell migration in recipient cells [64] .
Radiation-induced secretion of cytokines and growth factors has also been shown to be significant in several other tumor types. Irradiation of human MDA-MB-231 and MCF-7 mammary carcinoma cells promotes the secretion of IL-1b and IL-6 and platelet-derived growth factor (PDGF-BB), respectively, which enhance invasiveness [65, 66] . In murine 4T1 mammary carcinoma cells and human MDA-MB-231 cells, RT stimulates tumor cell production of GM-CSF, which significantly enhanced the migration and recruitment of CTCs in vivo [9] . The invasiveness and the migration of pancreatic carcinoma cells and neuroblastoma cells are also affected upon irradiation through up-regulation of c-Met/ hepatocyte growth factor (HGF) signaling [67, 68] . Overall, radiotherapy enhances cytokine and soluble factor secretion in tumor cells that directly influence tumor cell migration and invasion, which could negatively impact tumor control in vivo. Unpublished results from our group suggest that this effect is not due to random chemokinesis but to directed chemotaxis. However, further experiments to clarify this phenomenon are needed.
Secretion by stromal cells
Radiation-induced cytokine secretion is also altered in other components of the tumor microenvironment, such as the surrounding normal and stromal cells, including cancerassociated fibroblasts (CAFs) [69] . CAFs differ from normal fibroblasts in that they acquire a modified phenotype through interaction with tumor cells [70] . Many studies have investigated the effect of irradiation on stromal cell cytokine profiles that influence tumor cell migration. In vitro irradiation of normal fibroblasts has been shown to promote invasion of pancreatic cancer cells through the secretion of soluble factors, including basic fibroblast growth factor (bFGF) and activation of the c-Met/HGF system [71] . Hepatoma cells are similarly affected through the radiation-induced fibroblast secretion of tumor necrosis factor alpha (TNF-a, IL-6, VEGF, epidermal growth factor (EGF), MMP2, and MMP9 [72] . In vivo preirradiation of mouse mammary glands increases promigratory cyclooxygenase-2 (COX2) and IL-6 expression in the microenvironment, which increases the number of circulating tumor cells and the number of lung metastases [73] . TGF-b secreted from stromal cells following irradiation has been shown to promote tumor migration and invasiveness in vitro in squamous cell carcinoma [74] , and to increase CTCs and lung metastases in orthotopic mammary tumors [50] . Desmarais and colleagues showed that irradiation of the brain prior to orthotopic implantation of tumor cells resulted in the production of inflammatory cytokines including IL-1b that promoted tumor invasion [75] , as shown in Fig. 2 . Taken together, radiation-induced cytokine release represents an important form of tumorstromal interaction that can modulate tumor behavior.
Secretion by immune cells
Radiation has also been shown to influence immune cell recruitment and impact their behaviors. Tumor-associated macrophages (TAMs) and myeloid derived suppressor cells can rapidly infiltrate irradiated sites and promote the secretion of cytokines and growth factors that can alter tumor growth and cell mobility [62, 76, 77] . Increased production of TNF-a, IL-1, TGF-b1, and growth factors, including PDGF and IGF-1 [78] [79] [80] [81] [82] , has been observed in macrophages exposed to RT [83] . Understanding the differential regulation of these factors in influencing tumor invasion and metastasis provides valuable targets for mitigating potentially deleterious therapy-induced effects.
Reconciling preclinical and clinical experience
Despite the multitude of experimental data documenting the effects of radiotherapy on migrating tumor cells and established metastasis, there has been skepticism within radiation oncology of the significance of these findings. This is largely due to the lack of clinical data showing these processes are occurring in human cancer patients treated with typical conventional radiotherapy regimens. The initial demonstrations of the effects of radiation on tumor cell migration and metastasis [13] , and indeed many more recent investigations [9, 31] , have studied subcurative radiation doses. These radiation courses were seen to result in increased metastasis, whereas both preclinical and clinical studies focusing on curative radiotherapy showed no significant effect on the metastatic frequency. With recent improvements in the ability of radiotherapy to conformally target tumors and spare normal tissue, escalation of radiation doses has occurred for many types of tumors, resulting in improvements in local tumor control that would not be associated with increased metastasis based on these early findings [84] . The relationship between subcurative radiotherapy and enhanced metastasis suggests an increase in the supply of viable CTCs into the systemic circulation. As radiation dose to the tumor increases, the flow of cells into the bloodstream may continue to increase; however, the percentage of viable cells will be reduced from the effects of the treatment. Emergence of previously occult distant metastases long after primary treatment may be expected due to the improved local control and extended survival obtained through modern radiation treatments, but this is likely independent of the effects of the treatment.
In addition to reluctance within radiation oncology to believe that radiotherapy could increase metastasis and contribute to tumor progression, there has similarly been controversy over whether an abscopal effect of radiation could enhance tumor control. While this phenomenon was first observed in 1953 [22] , it has proved that rare and clinical evidence of it in the literature consists largely of individual case reports [27, 85] . A variety of preclinical models of this phenomenon have been developed and applied to probe the mechanism of this response; however, this disparity between preclinical investigation and clinical Fig. 2 Whole brain irradiation delivered prior to orthotopic implantation of a glioma in a rat model resulted in a decrease in tumor growth (red volume) but an increase in tumor cell infiltration (yellow volume) (a) relative to controls in which no radiation was given (b). This effect was found to correlate with radiation-induced increases in interleukin-1b (IL-1b). Adapted from [75] Effects of radiation on metastasis and tumor cell migration 3003 experience has contributed to the ongoing debate over the translational utility of mouse models of cancer. Given basic research identifying immune mechanisms for the abscopal effect, including production of immune-stimulating cytokines, such as interferon-c and activation of dendritic cells, T cells, and natural killer cells, and interest in reproducibly generating abscopal effects after radiotherapy, has intensified following recent successes with immunotherapies. While a small fraction of patients has exhibited sustained tumor regression after combined radiotherapy and immunotherapy treatments, it remains to be seen whether refinement of these therapeutic approaches can routinely exploit the abscopal effect. Recently, several publications have noted that metastatic tumor cells can return to their tumors of origin, and that this trafficking may be stimulating by factors both intrinsic and extrinsic to the primary tumor [9, 12] . The tumor microenvironment is one that gave rise to metastatic tumor cells originally, and, therefore, represents a welcoming site for these migrating cells relative to potentially adverse conditions found in other organs they might colonize. This process may facilitate evolution of a tumor to a more aggressive phenotype through the selection for cells that have successfully intravasated, circulated, and returned. We previously demonstrated that RT may stimulate this process through the production of GM-CSF, and that these migrating cells may facilitate tumor regrowth after focal therapy [9] . The clinical relevance of these biological observations remains unclear, however. Migration of tumor cells back to the primary tumor may be of limited prognostic significance if the patient exhibits widespread metastatic disease that will ultimately dictate outcome. However, many tumor types are known to seed micro-or occult metastases that may remain dormant for years before progressing [86] . Interestingly, GM-CSF has also been shown clinically to promote an abscopal response to distant metastasis sites in combination with local RT through dendritic cell activation [87] . It is worth considering whether radiation could act as a stimulus to mobilize previously dormant micrometastases. As discussed above, there is a lack of evidence to suggest this process results in increased metastasis after radiation, but this phenomenon could manifest as a reduction in local control and corresponding increase in tumor recurrence. Efforts to accurately detect and count CTCs in the blood could be utilized to predict this occurrence on a patient-by-patient basis [19] .
Under what circumstances could radiation-induced tumor cell migration alter the therapeutic response of tumors? Historically, tumor response to radiation has been modeled as a sigmoid, as shown in Fig. 3 . If recruitment of migrating tumor cells to irradiated tumors increases linearly with dose as demonstrated previously for murine breast cancer, one might expect that the tumor control curve would not asymptotically approach 100 % as dose increases but would instead begin to decrease at higher doses. There is no preclinical or clinical data to suggest such a deviation. Furthermore, one would expect that the ablative effect of high radiation doses on the target tissue would preclude successful colonization of the site by any migrating tumor cells stimulated to return. However, this phenomenon may play a role in recurrence of tumors that display a limited local response to radiation, including head and neck cancers, lung cancers, and brain tumors. The latter is notoriously infiltrative and radioresistant; these two properties could be fundamentally linked [59] . In addition, it is important to note that even the most conformal radiation treatments produce a dose gradient from the target volume to the background, and tissues within this gradient may receive a dose that is less than ablative but sufficient to recruit migrating tumor cells. These tissues may include tumor cells within the clinical target volume (CTV) prescribed during radiation treatment planning, or normal tissues capable of secreting tumor cell-attracting cytokines in response to irradiation as discussed above. Recruitment of tumor cells to regions receiving an intermediate dose of radiation could explain breast cancer recurrences in the chest wall.
Fractionation could help limit the effects of this phenomenon by killing tumor cells recruited by one radiation fraction through the administration of additional fractions. This would be analogous to the effects of fractionation on tumor reoxygenation and cell cycle redistribution, which are well known to improve therapeutic response [88] . It has been previously observed that continuous hyperfractionated accelerated radiotherapy (CHART), which was Fig. 3 Tumor response to radiation is commonly depicted as ''tumor control probability,'' a relationship that is modeled as a sigmoidal function of dose (blue). Increases in migrating tumor cell recruitment with radiation dose might be expected to cause this function to decrease at large radiation doses (red); however, this has not been observed in preclinical or clinical studies developed in 1985, delivered to lung cancers improves prognosis and patient survival through reduction of distant metastasis [89] . As hypofractionated treatment strategies have recently been shown to be convenient and effective radiotherapy regimens and are being increasingly used in the clinic, evaluation of both traditional (reoxygenation, redistribution) and novel (tumor cell migration) radiobiology in the context of these treatments is warranted.
In summary, there is an abundance of evidence that radiation can exert local and distant effects on the movement of tumor cells. It has been more than a half century, since the first reports emerged suggesting that incomplete tumor irradiation can promote metastasis, and through preclinical investigations, a number of mechanisms for this altered migration have been identified, including vascular damage, EMT, and cytokine production. The clinical significance of these findings is still unknown, and in the absence of methods to monitor migration of tumor cells in human cancer patients, we must employ indirect techniques to assess whether radiation-induced tumor cell trafficking plays a role in the therapy response of human tumors. A number of causes can be identified to explain tumor recurrence after radiation, including intrinsic cellular radiosensitivity, hypoxia, accelerated repopulation, and others. At present, there is ample evidence to add altered tumor cell migration to this list and to consider multifactorial explanations of tumor response to treatment.
